Amyloid deposits are found in the islets of Langerhans of up to 96 % of patients with Type II (non-insulin-dependent) diabetes mellitus [1, 2] but the relation of islet amyloid to the syndrome of diabetes is not clear. Amyloid deposition precedes the onset of hyperglycaemia in cats and monkeys [3, 4] suggesting a primary aetiological role of amyloid in these species. The severity of islet amyloidosis in diabetic patients at autopsy is, however, greatest in those who have progressed from sulphonylurea to insulin treatment [5] and the degree of amyloid deposition is associated with a decrease of beta-cell function in monkeys [4] implicating islet amyloid in islet dysfunction in the later stages of the disease. An increased incidence of amyloid deposition in vivo in some strains Diabetologia (1999) Methods. To determine the time course and nature of amyloid-like accumulations and the role of glucose, transgenic mouse islets were cultured for 2±12 days in medium containing glucose (4.2 mmol/l, 11.1 mmol/l or 16.7 mmol/l) or 3.3 mmol/l glucose plus non-glucose secretagogues, 10 mmol/l leucine, 10 mmol/l leucine + 0.1 mmol/l tolbutamide, 10 mmol/l alpha-ketoisocaproic acid + 10 mmol/l glutamine. The extent of fibril formation was determined by quantitative immuno-electron microscopy. Insulin and islet amyloid polypeptide secretion into the media was measured by radioimmunoassay.
of transgenic mice expressing the gene for human islet amyloid polypeptide (hIAPP) is associated with a substantial decrease in the mass of islet beta-cells and an increased frequency of hyperglycaemia [6, 7, 8, 9] . This could be explained by the proposed cytotoxic role of amyloid: fibrils formed from human synthetic islet amyloid polypeptide (IAPP) have been shown to be cytotoxic to pancreatic islet cells in vitro [10] .
Islet amyloid polypeptide, (amylin) is the major component of the insoluble pancreatic amyloid fibrils present in Type II diabetes [11, 12] . It is a normally soluble 37-amino-acid peptide synthesised in betacells, co-localised with insulin in beta-cell granules [13] and co-secreted in response to beta-cell secretagogues [14, 15] . Islet amyloid that is associated with diabetes is found in man, monkeys and cats but not in rats or mice [16] . This is related to species-specific variations in the primary sequence of IAPP, particularly in amino acids IAPP 25±29 which have been shown to be important for amyloid fibril formation [17] . The amino acid sequence cannot, however, be the sole determining factor for amyloid fibril formation because most non-diabetic humans, cats and monkeys do not develop islet amyloid [16, 18, 19] . The mechanisms by which soluble monomeric human IAPP is converted into insoluble amyloid fibrils in diabetes have yet to be explained.
Amyloid deposits form spontaneously in vivo in some, but not all, strains of transgenic mice (TM) expressing the hIAPP gene; IAPP amyloid has been identified in inbred ªhomozygousº hIAPP TM [6] and in ªheterozygousº hIAPP TM treated with growth hormone and dexamethazone [8] . In addition amyloid deposition was associated with obesity and hyperglycaemia in hIAPP TM when fed a high fat diet [9] in cross-bred obese agouti mice or TM expressing the ob gene [7, 20] . The causal factors for formation of fibrils from IAPP are not, however, explained in these mouse models; obesity and the associated hypersecretion from islets is implicated and, although an intracellular origin of fibrils has been proposed [8] , these hypotheses remain to be proven. The Utrecht/Oxford strain of hIAPP TM do not form amyloid fibrils in vivo but IAPP-immunoreactive fibrils are formed in vitro when their isolated islets are cultured for several days in medium containing high glucose concentrations [21, 22] . This is a good model to determine the effects on the degree of IAPP fibril formation of specific factors which modulate beta-cell secretion or interact with secretory products and to identify the site of fibril formation. Islets isolated from hIAPP TM were cultured for 2±12 days in different conditions of glucose and nonglucose beta-cell secretagogues to establish the time course and nature of IAPP fibrillar and non-fibrillar accumulations. The requirement for increased extracellular glucose on IAPP fibrillogenesis and the degree of amyloid formation as well as the effects of the fibrils on islet cell viability were assessed by quantitative immunoelectron microscopy.
Materials and methods
Islet isolation, culture and tissue processing. Islets were studied from transgenic mice (age: > three months; sex: male and female; original source: Department of Immunology, University Medical Centre, Utrecht, The Netherlands) expressing the gene for hIAPP under transcriptional control of a rat insulin 2 gene promoter [22] and from non-transgenic litter mates. This work was approved by the UK Home Office and animal care followed the`Principles of Laboratory Animal Care' (NIH publication No 85±23 revised 1985). Transgene incorporation was confirmed by Southern blotting of chromosomal DNA extracted from tail biopsies as described previously [23] . The pancreas was removed from animals killed by cervical dislocation, and digested with collagenase. Islets were handpicked and maintained free-floating in tissue culture in RPMI 1640 medium containing 10 % (v/v) fetal calf serum, benzylpenicillin (100 units/ml), streptomycin (0.1 mg/ml) (Gibco, Paisley, UK) at 37°C in humidified air containing 5 % CO 2 . Islets were cultured initially for 4 h in media containing 3.3 mmol/l glucose. Groups of 20 islets were selected and cultured for longer periods and in medium containing different secretagogues. To determine the time course of amyloid formation, islets were cultured in 11.1 mmol/l glucose for 2±12 days. To determine the effects of secretagogues, islets were cultured for 6 days in glucose (4.2 mmol/l, 11.1 mmol/l or 16.7 mmol/l) or 3.3 mmol/l glucose with the following nonglucose secretagogues: 10 mmol/l leucine (Sigma, Poole, UK), 10 mmol/l leucine plus 100 mmol/l tolbutamide (Sigma) or 10 mmol/l a-ketoisocaproic acid (Sigma) plus 10 mmol/l glutamine (Sigma). Medium was replaced every two days and insulin and IAPP content of the media was measured by radioimmunoassay of each sample. At the end of the culture period the islets were fixed in 2.5 % glutaraldehyde in 0.1 mol/l sodium phosphate buffer (pH 7.2) overnight. Specimens were post-fixed in 1 % osmium tetroxide, dehydrated in ethanol and embedded in Spurr's resin (Taab Laboratories, Reading, UK). Ultrathin sections of the islets were mounted on nickel grids.
Radioimmunoassay. Samples of culture media were stored at ±20°C. Insulin was measured in duplicate in a radioimmunoassay using a rat insulin standard (Pharmacia RIA-100, Pharmacia, Sweden). The minimum detectable concentration was 2.7 pmol/l and the intra-assay coefficient of variation at 440 pmol/l was 3.2 % and at 94 pmol/l was 3.9 %. Islet amyloid polypeptide was measured by radioimmunoassay using an assay based on Jamal et al [24] incorporating a human IAPP standard and 125 I rat IAPP (Amersham, UK). The antibody used in this assay was generated in rabbits to human IAPP 1±37 and cross-reacted equally with hIAPP and mouse IAPP. The minimum detectable concentration was 5 pmol/l and the intra-assay CV was 16.3 % at 10 pmol/l and 6.2 %, at 32 pmol/l. The effects of secretagogues were examined over six days; IAPP or insulin content of media samples collected at days 2, 4 and 6 from the same islets were calculated as a mean to represent islet secretion under that experimental condition.
Quantitative electron microscopy. Ultrathin sections were immunogold labelled for IAPP with an antiserum against rat IAPP (Peninsula Laboratories, St. Helens, UK). The antisera was diluted 1:500 in phosphate buffered saline pH 7.4, 0.1 mol/l containing egg albumen (EA) (Sigma) 0.01 % (PBS EA); this antisera cross-reacted with hIAPP (and mouse IAPP). After a 2-h incubation at room temperature, antisera-binding sites on the sections were identified by use of protein A gold (15 nm) (Biocell Laboratories, Cardiff, UK) (diluted 1/30 in PBS EA). Specificity was confirmed by loss of immunolabelling after preabsorption of diluted antisera with synthetic hIAPP 0.5 mg/ml (1 h at room temperature). Sections were washed in PBS EA followed by water and contrast was enhanced with uranyl acetate and lead citrate.
Electron-micrographic montages were prepared of an area of at least 10 000 mm 2 from 3 randomly chosen islets/condition in each experiment. The experiment was repeated twice so that nine islets were examined and sectional areas quantified for each condition. The area occupied by abnormal accumulations of material immunogold-labelled for IAPP, was localised at high magnification and outlined on the lower magnification montages (see Fig. 2 b): these IAPP-labelled accumulations were identified as either: (1) extracellular amyloid, characterised by a fibrillar appearance and clear localisation outside the cell; (2) intracellular fibrils of similiar dimensions localised in areas that were distinct from invaginations of the plasma membrane; or (3) amorphous extracellular IAPP-labelled material in which fibrils could not be easily identified. The montages were used to outline cellular islet tissue and IAPP-immunoreactive material in the form of accumulations or amyloid fibrils; areas of different features were calculated by use of an image analysis system (IBAS, Kontron, Germany) and their proportion in relation to cellular area (e. g. amyloid fibril area/cellular islet area) was calculated and expressed as a percentage. The effects of fibril formation on islet viability were assesssed by comparing survival of islets isolated from hIAPP transgenic and non-transgenic mice under different conditions and identification of cells showing visible signs of cellular damage; cells with one or more of the following changes ± grossly vacuolated cytoplasm, disrupted mitochondria or condensed nuclear chromatin or all or any of these ± were considered to show hallmarks of cellular damage or impending cell death or both. The proportion of cells with abnormal morphology in cultured transgenic mouse islets was compared with that in cultured non-transgenic islets and was assessed in relation to extracellular fibril content.
Statistics. Insulin and IAPP concentrations in the medium are presented as mean ± SEM. Differences in secretion of IAPP and insulin at different time points or relative to secretion at 4.2 mmol/l glucose in 6-day cultures were compared by Mann Whitney U test. The proportion of extracellular fibrils in different culture conditions was compared by Mann-Whitney U test. Probability values of less than 0.05 were considered to be significant. The correlation between the degree of amyloidosis, (which is presented as means ± SEM % amyloid area/islet area) and (a) the IAPP and insulin content of the media and (b) the proportion of cells exhibiting signs of cell damage was assessed by use of the Spearmann Rank Correlation.
Results
Time course of peptide production and fibril formation. The hIAPP transgenic mouse islets cultured in the presence of 11.1 mmol/l glucose for up to 12 days were examined for amyloid fibril formation by electron microscopy at days 2, 4, 6 and 12 of the culture period. Beta cells became increasingly degranulated (data not shown). Production of insulin progressively fell during this period and was lower on days 6 and 12 than on day 2 (p < 0.05) (Fig. 1) . Islet amyloid polypeptide concentration in the media was more variable between experiments and although there was an apparent reduction in parallel with insulin, this change was not statistically significant (Fig. 1 a) .
Transgenic mouse islets cultured for 2 or 4 days at 11.1 mmol/l glucose had IAPP immunoreactivity in beta-cell granules and some lysosomes; diffuse electron dense IAPP-immunoreactive material was present in the halo of some beta-cell granules (Fig. 2 a) . No obvious morphological changes were seen adjacent to, or in, non-beta cells although IAPP-immu- Fig. 1 a, b . Progressive changes in (a) insulin (hatched bars) and IAPP (solid bars) secretion and (b) amyloid fibril formation in hIAPP transgenic mouse islets cultured in 11.1 mmol/l glucose for 12 days. IAPP and insulin concentration in the media were reduced over this period; insulin concentration was reduced at day 6 and 12 compared with day 2 (*, p < 0.05) but the reduction in IAPP was not significantly changed. (b) No IAPP-immunoreactive amorphous ( intracellular, extracellular) or fibrillar (Xextracellular, & intracellular) material was detected until day 6 of culture when extracellular fibrillar deposits were more extensive than other forms (p < 0.05) Fig. 2 a±e. IAPP-immunoreactive material in cultured TM islets. a IAPP-immunoreactivity was localised to insulin granules and some lysosomes in all TM islets; gold labelling was in the region of the insulin granule core but, in some granules, was over electron-dense filamentous material in the granule halo (arrows). IAPP-immunoreactivity was localised to electron-dense areas of lysosomes (L). b IAPP-immunoreactive fibrils (*) in extracellular spaces adjacent to a beta cell; fibrils were randomly arranged and some were positioned close to the beta-cell membrane and in membrane invaginations (arrows). The adjacent cell showed no evidence of cytotoxic changes in mitochondria (M) or other cellular organelles. c Extracellular fibrils formed in TM islet cultured for 6 days in 16.7 mmol/l glucose. IAPP-immunoreactive fibrils are present in extracellular spaces (*) adjacent to beta cells (B). d Amorphous extracellular IAPP-immunoreactive material (*) forming in membrane invaginations (arrows) of a beta cell (B) in an islet cultured with leucine. One area of the plasma membrane (arrowhead) has an apparently clathrin-coated endocytotic profile. e Intracellular IAPP-immunoreactive fibrils were usually in parallel alignment within unidentified organelles (arrow), insulin granule (I). Scale bars; a, b, c, e = 0.5 mm, d = 0.25 mm noreactivity was detectable in somatostatin-containing granules of delta-cells. At day 6 of culture, extracellular IAPP-immunoreactive fibrils were, however, visible in expanded intercellular spaces adjacent to islet beta cells (Fig. 2 b, c) or, more infrequently, at the margin of cultured islets adjacent to beta cells. The border of the beta cell in close proximity to fibril deposits was not smooth as found in other regions but fibrils occupied irregular invaginations of the plasma membrane (Fig. 2 b,) . Fibrillar IAPP-immunoreactive material represented 1.11 ± 0.35 % (means ± SEM) of the cellular islet area (Fig. 1 b) . Extracellular amorphous IAPP-immunoreactive material was present in some islets (0.07 ± 0.03 % islet area) at day 6 (Fig. 2 d) . Intracellular fibrils were found in very few cells at day 6 of culture (representing 0.002 ± 0.001 % islet area, Fig. 1 b) ; these fibrils were usually arranged in parallel arrays in well defined compartments of degranulated cells (see Fig. 2 e) . The degree of extracellular fibrillar deposits was similar at 6 (1.11 ± 3.5 %) and 12 days (2.38 ± 0.8 % islet area) (Fig. 1 b) . There was no change in the degree of amorphous IAPP-immunoreactive material with increased duration of culture but a 30-fold increase in the very small area occupied by intracellular fibrils at day 12 (mean 0.06 ± 0.03 % islet area) compared with day 6 (0.002 ± 0.001 %) (p < 0.05) (Fig. 1 b) .
Effects of glucose and non-glucose secretagogues on fibrillar amyloid formation. Insulin and IAPP concentrations in the culture media over a 6-day experimental period (Fig. 3 a) were low (basal secretion) in the presence of 4.2 mmol/l glucose (0.18 ± 0.04 and 0.10 ± 0.02 pmol × 10 islets ±1 × 24 h ±1 , insulin and IAPP respectively) and statistically significantly increased in a dose-dependent manner for incubations with 11.1 mmol/l (3.4 ± 0.5 pmol insulin, 3.4 ± 0.5 IAPP) and 16.7 mmol/l glucose (4.2 ± 0.8 pmol insulin, 4.3 ± 0.8 IAPP). Insulin and IAPP concentrations were increased but not statistically significantly so in the presence of leucine or leucine plus tolbutamide. Insulin and IAPP concentrations were greater (p < 0.05) than that found in basal conditions in the presence of a-ketoisocaproic acid and glutamine (3.7 ± 0.7 pmol insulin, 3.4 ± 0.3 pmol IAPP); these concentrations were similar to those found in the presence of 11.1 mmol/l glucose.
Extracellular fibrillar amyloid was quantified in islets cultured with different secretagogues (Fig. 3 b) . No fibrillar amyloid was found in islets cultured for 6 days in either 4.2 mmol/l glucose or leucine. The amount of fibrils was increased by culture with higher glucose concentrations: mean amyloid area/islet area was 3.1 ± 1.8 %, in culture with 11.1 mmol/l glucose, 3.1 ± 1 % islet area in islets cultured in 16.7 mmol/l glucose. The proportion of amyloid was dependent upon the non-glucose secretagogue present in the culture; very little amyloid was present in islets cultured in leucine and addition of tolbutamide increased the fibrillar IAPP-immunoreactive material to 0.54 ± 0.15 % islet area. More extensive fibrils were present in islets cultured in leucine and tolbutamide and in islets cultured with a-ketoisocaproic acid and glutamine (Fig. 3 b) . There was a positive correlation between the amounts of amyloid deposited under different culture conditions (amyloid area /islet area %) and the concentrations of both IAPP (r = 0.5, p < 0.05) and insulin (r = 0.55, p < 0.05).
The morphology of the IAPP-immunoreactive accumulations was variable but could be related to the efficacy of the secretagogue. Under conditions of higher stimulation (16.7 mmol/l glucose) extracellular fibrils appeared in both the random arrangement present in islets cultured at 11.1 mmol/l glucose ( Fig. 2 b, c) and in parallel alignment forming twisted rope-like aggregates (Fig. 4 a) . Extracellular insulin granules were visible occasionally as exocytotic figures adjacent to the fibrillar mass (Fig. 4 b) . Diffuse extracellular non-fibrillar IAPP-immunoreactive material was infrequently seen and was usually associated with low secretory conditions, e. g. after stimulation with leucine, but areas occupied by this material were not included in the quantification of fibrillar amyloid.
Effects of amyloid fibril formation on cell viability. Transgenic mouse islets were maintained in tissue culture in the presence of 11.1 mmol/l glucose for up to 12 days with no statistically significant reduction in islet number compared with non-transgenic islets incubated under the same conditions. The proportion of cells with evidence of cellular damage was less than 2 % in non-transgenic islets and was 0±20 % in transgenic islets. The proportion of cells with some degree of abnormal morphology correlated with the degree of extracellular fibrillar amyloid in the same islet (r = 0.8; p < 0.0001) (Fig. 5) .
Discussion
Deposition of amyloid is considered to be a progressive process often associated with conditions in which the concentration of the constituent protein is pathologically high. The physiological conditions that promote IAPP fibril formation in Type II diabetes are, however, not clear. Our data shows that IAPP fibril formation in hIAPP TM isolated islets is progressive, largely extracellular and is related to the level of secretion of beta-cell products rather than to the specific concentration of glucose in the media. There is relatively little evidence of cell damage resulting from biosynthetic IAPP fibrils developing over 6 days compared with that reported for synthetic IAPP fibrils added to cultured cells [10] but there is evidence for some cytotoxic effects of amyloid deposition.
Islet amyloid polypeptide-immunoreactive accumulations in isolated TM islets were predominantly in the form of extracellular fibrils with the same dimensions as amyloid fibrils in islets of Type II diabetic patients (5±10 nm in diameter and unbranching): fibrils were situated between endocrine cells and always adjacent to at least one beta-cell; exocytosed granules were occasionally visible at the cell membrane contiguous with the fibrils. These findings suggest that fibrils are formed at the site of beta-cell granule release which is between cells in mouse isolated islets [25] . Although polarised exocytosis of Fig. 4 a, b . Extracellular IAPP fibrils: a Fibrils were present in parallel alignment forming twisted rope-like aggregates (arrows) in intercellular spaces. Islets cultured in 16.7 mmol/l glucose; b Insulin granule cores were visible occasionally outside the cell as an exocytotic profile (arrow) adjacent to the extracellular amyloid (A). Scale bars = 0.5 mm Fig. 5 . Correlation between the extent of islet amyloid and the proportion of cells with signs of cell damage in cultured TM islets. Each point represents data from one islet cultured as in Fig. 3 beta-cell granules towards a capillary border of the cell has been proposed [26] , capillaries are not retained in isolated islets and there is no evidence for polarisation of granule release under these conditions. The relative absence of amyloid fibrils at the periphery of the islets suggests that fluid transfer is more efficient at the islet surface; the static fluid conditions in intercellular spaces in islets in tissue culture could promote accumulation of extracellular secreted peptide and thereby generate local high concentrations of human IAPP at neutral pH, which are optimal conditions for fibril formation [27] . In primate diabetes, amyloid deposition in vivo is thought to be initiated at perivascular sites where the concentration of IAPP could be high due to passage of secreted peptide from many islet cells into the capillary [4] . Once established, these deposits are likely to form a barrier to diffusion of compounds between the islet and the circulation and further compromise clearance of secreted IAPP from inter-islet spaces.
The proportion of amyloid fibrils found within the cells was very low ( < 2 % of the area occupied by extracellular fibrils) and they were present only in degranulated cells which showed no evidence of cytotoxic damage. Intracellular fibrils did not appear at an earlier time than extracellular fibrils (6 days culture in 11.1 mmol/l glucose). These data from isolated islets do not support the hypothesis that fibrillar islet amyloid is initiated at intracellular sites which becomes extracellular on cell death [8] . The isolated islet model does, however, enable detection and localisation of very early stages of fibril formation which is not possible in human or TM islets in vivo; it is possible that several mechanisms for the first stages of fibril formation could coexist within and outside the cell under different conditions in vivo and in vitro and more than one process could be involved in IAPP fibril formation. The organelles containing intracellular fibrils were not easily identifiable; these structures could represent dilated sacs of endoplasmic reticulum but were not lysosomes, some of which exhibit IAPP-immunoreactivity in beta cells of TM [21] . Synthetic proIAPP has been shown to form fibrils in vitro [28] ; if this mechanism occurs in vivo, intracellular fibrils could be initiated at any point inside the cellular organelles involved with the pathway of synthesis and post-translational processing of the precursor peptide. Immunoreactivity for proIAPP fragments has been detected in some amyloid deposits [29] and it has been suggested that there is an increase in pro-IAPP intermediates in cultured human islets [30] ; proIAPP fibrils either inside or outside the cells could act as an initiator for conversion of IAPP to beta conformation and fibril formation. The IAPPimmunoreactive material in beta-cell granules of TM has been described as fibrils [8, 31] ; if this represents some form of insoluble IAPP or proIAPP accumulation, this could act as a nidus for fibril formation [32] at the surface of the cell when the granule is released.
Extracellular amorphous IAPP-immunoreactive material was associated with low levels of secretion. Non-fibrillar material has been proposed to be a precursor for cerebral amyloid in Alzheimer's disease [33] . In islets, non-fibrillar IAPP appeared, however, at the same time point as fibrillar IAPP (6 days of culture) and there was no evidence of classical fibrils in this material. This type of IAPP aggregation, which may represent small oligomers, could occur at concentrations of secreted peptide which are too low to provide the conditions for fibril formation.
Glucose could have more than one role in islet amyloidosis. Firstly it acts as a potent beta-cell secretagogue increasing the amount of IAPP released. Secondly, glucose has been proposed to promote IAPP oligomerisation by glycation of monomeric IAPP and formation of advanced glycation end products (AGE). ªSeedingº with AGE-modified IAPP has been shown to increase the rate of fibril formation from synthetic IAPP [34] . Very high glucose concentrations (~30 mmol/l-1 mol/l) over periods of months are, however, required to induce glycation or AGE formation of proteins in vitro [34, 35] and it is unlikely that monomeric IAPP secreted over a period of 6 days would become substantially glycated to contribute to the formation of amyloid in islets cultured at more physiological glucose concentrations. The use of non-glucose secretagogues enabled separation of these two effects of glucose in the cultured islets; leucine is a less effective secretagogue than its de-amination product, a-ketoisocaproic acid in mouse islets [36] and few fibrils were found in islets cultured with leucine. Fibrils were, however, formed in the islets in the presence of the more effective secretagogues aketoisocaproic acid plus glutamine and leucine and tolbutamide in the absence of increased glucose concentrations indicating that fibril formation is not induced solely by the presence of increased glucose. The stimulated release of IAPP and insulin under different conditions statistically significantly correlated with the extent of fibril formation. This indicated that a high concentration of secreted beta-cell components, however induced, was the primary determinant of the formation of fibrils and the amount of amyloid produced under these in vitro conditions.
Increased production or circulating concentrations of IAPP or both have also been proposed as contributory factors for islet amyloidosis in vivo. Obese insulin-resistant subjects have slightly increased circulating IAPP and insulin [37] and TM expressing hIAPP have plasma concentrations of IAPP of 37 to 333 pmol/l compared with 10±103 pmol/l in non-transgenic mice [6, 7, 8, 22, 38, 39] . Factors additional to IAPP concentrations are, however, required for amyloid formation in vivo in TM; an obese genetic back-ground or treatment to increase insulin resistance or both appears to be a prerequisite for fibril formation [40] . Recent studies in diabetic cats have shown more extensive islet amyloid in animals treated with sulphonyureas compared with those in which islet secretion was reduced by insulin therapy, providing further support for a role for increased beta-cell stimulation in islet amyloid formation [41] . These observations taken together suggest that increased beta-cell granule secretion is a prerequisite for, but cannot be the only factor involved in, islet amyloid formation.
